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We discuss the relation between the observed CC, ES, and NC fluxes with the flavor fractional 
content of the solar neutrino flux seen by SNO. By using existing estimates of the cross sections for 
the charged and neutral current reactions which take into account the detector resolution, we show 
how the forthcoming SNO rates unconstrained by the standard S B shape could test the oscillations 
into active states. We perform a model independent analysis for the Super-K and SNO data, 
assuming a non distorted spectrum. 

PACS numbers: 14.60.Pq, 12.15.Ff, 26.65.+t 


I. INTRODUCTION 


ing the NC measurement of SNO is given in Sec. IV. 


Recently, the SNO collaboration has presented the first 
direct measurement of the total active flux of ®B neutrinos 
comming from the Sun jp. SNO detects solar neutrinos 
by means of three different reactions: Charged Current 
reaction (CC) v e +p —> n + e + , Neutral Current reaction 
(NC) v x A-d—> p + n + Vx, and Elastic Scattering reaction 
(ES) v e +p —► p+ v e . The CC reaction is sensitive exclu¬ 
sively to v e , while he NC and ES reactions are sensitive 
to all flavors, with less sensitivity to v a (a = p, r) in the 
case of ES. Using the integrated rates above the threshold 
of 5 MeV for the three reactions, they have determined 
both, the electron and the active non-i/ e component of 
the ®B neutrino flux. The latter is 5.3<r grater than zero, 
yielding strong evidence for neutrino flavor transforma¬ 
tion. This result has been obtained under the assumption 
that the shape of the ®B neutrino spectrum is the same as 
predicted by the Standard Solar Model (SSM) j|]. The 
absence of a significant distortion of the spectrum has 
been observed by Super-Kamiokande (SK) Q and con¬ 
firmed by SNO. The impact of recent SNO results on the 
global oscillations solutions, including all solar neutrino 
data, have been analyzed by several authors il- 


In this work we address the question of how the forth¬ 
coming SNO rates unconstrained by the standard ®B 
shape can be used to test the presence of non-electron 
active neutrinos in the solar neutrino flux. In Sec. |EJ 
we establish the relation between the fractional flavor 
components of the spectrum P e a and the quantities V e ,a 
that determine the CC, NC, and ES fluxes in terms of 
the measured experimental rates. This relation involves 
an average over the appropriate experimental response 
functions and are presented in Sec. III. In this section 
we also illustrate to what extent the SNO rates uncon¬ 
strained by the standard ®B shape could play a role in 
testing the active oscillations hypothesis. A model inde¬ 
pendent analysis of the data of SNO and SK incorporat- 
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II. ENERGY SPECTRUM AT SNO 


The count-rate per energy interval at SNO for the NC 
events is related to the true (and unknown) spectrum of 
solar neutrinos arriving at the Earth <j>(E v ), as follows: 


dB NC 

U,J '-SNO 

dE„ 


<t>(E u )a”Z 0 (E„)[P e (E v ) + P a (E v )\ , 


Cl) 


where a^ 0 {E u ) is the cross section for the NC process 
and P e , a {E u ) = cj) Ve ’ a ( e u )/( f>(E v ). The quantities P x {e u ) 
(,x = e,a,s) satisfy 'Yf JX Px( E v) = 1, with s denoting a 
sterile neutrino. According to the SSM Jt[ the only neu¬ 
trinos produced in the Sun are v e , therefore the neutral 
current count rate at SNO should be 


dB NC 

___5gM 

dEv 


^SSm(B») a ’sNo( E ‘') > 


( 2 ) 


where 4>ssm(e v ) is the energy spectrum of the v e given 
by the SSM. 

Let / be the ratio of the true total neutrino flux (j> to 
the predicted total flux <f sSM : 


— / <)sSM • 


(3) 


We say that there is no deformation of the neutrino spec¬ 
trum produced in the Sun with respect to the SSM predic¬ 
tion if (f>(E„) = f <j> SSM (.E v ). In a more general situation, 
we could have 


f 4>ssm(E u ) 


C(£U ± 1 , 


(4) 


with £(£„) a certain positive function of E v , that satis¬ 
fies f dE v ((E„) (fssM^Ed = <I>ssm ■ We have assumed 
that only v e are produced in the Sun. In general, the 
ratio r*r® 0 (£„) of the observed to the theoretical neutral 
current spectra will be energy-dependent: 


_ dB^o/dEy 

~ dR-o u / d E v 


f [Pe( E v) + V a (Eu)\ , 


(5) 
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where 


V x {E v ) = <(£„) P X {E„) , (6) 

and Y^j X Rx{ e v) = CC®*)- If the neutrino spectrum pro¬ 
duced in the Sun has no deformation, then the function 
Q(e v ) in ([]]) is equal to one for all energies. In this case, 
V x {e„) = P X (E„), and Y.x'PxiEv) = 1. 

Let <Pssm(Ev) = 4>ssm(Ev)/< j>ssM denote the normal¬ 
ized solar neutrino spectrum predicted by the SSM. 
This quantity satisfies the relation < Pssm(e v )V x {e„) = 
(p(E„)P x (E u ), where tp(E u ) = (j>(E„)/<j> is the true (and un¬ 
known) normalized solar neutrino spectrum. The inte¬ 
grals over the relevant energy range of the normalised 
spectra are equal to one 

J dE u ip(E v ) = j dE u (Pssm{Ev) = 1 • (7) 


From the fact that P e (E u ) + P a {E u ) < 1, we have 



^SSm(Ev) 


[Pe{E„) + Va(Evj) — 


J dE u ip(E„) [P e (E„) + P a (E„)\ < 1 . 


( 8 ) 


and therefore, if V e (E„) + V a (E„) is a constant, we have 
0 < [P e {E„) + V a (E„)\ < 1. In addition, if all the V x are 
constant then ^2 X V X = 1. 

The ratio of the observed to the predicted charged cur¬ 
rent spectra can also be written as 


According to SK Q] and SNO J|, |j the ratios r°° 0 (E„), 
r sNo( E ‘'')i an< I r sNo( E «) are practically constant for E v > 
5 MeV. As a consecuence, V e ,a(E u ) are constants as can be 
seen by taking any combination of two equations among 
(|), (g), and ©. For example, from Eqs. (^), and 1) 
we have 


•p _ r sSo v _ 1 f A rc _ cc \ (\2) 

' e — J. 5 ' a — J, y 1 SNO 1 sno) j V 1 ^) 

with r^ 0 , Tg£ 0 , and P e , a constants. Therefore, the 
present experimental evidence indicates that no signif¬ 
icant distortion of the ^ neutrino spectrum has been 
observed at the Earth. In principle, in Eq. (jll;) the en¬ 
ergy dependence of the true survival probability P e (E u ) 
could be approximately compensated by £(£„) in order 
to explain the observed energy independence of the neu¬ 
trino spectrum at the Earth. Therefore, a distortion of 
the neutrino spectrum produced in the Sun remains as 
an unlikely speculation. 


III. SNO FLUXES 


The elastic scatering rate measured by SNO can be 
written in the form 


pES _ — ES lES 
SNO a SNO r SNO J 


(13) 


with 


r 


cc 

SNO 


(E„) 


dR-SNo/dEy 

dR-ss M / dE v 

(j)(E„) <T°Sq( E „) P e (Ey) 

4 > SSM f J'sNo( E ‘ / ) 


fV e ( E „), (9) 


where (Jg^n{E v ) is the cross-section for the CC reaction. 
Relations (||) and (|) are model independent. They make 
no assumption on / or neutrino oscillations, nor require 
the quantities V e ,a{Ev) to be considered as probabilities. 

The elastic scattering event rate is also available from 
SNO. This rate, normalised to the SSM prediction is 
given by 


es . = dR E s s NO /dE 1/ 

SNo{ v) dR*iJdE v 

= / {'Pe(Ev) + p Va(E u )) , (10) 

where p = o a SN cdE u )lo e s „ q (e v ) « 0.154 for E„ > 5 MeV. 

Using Eqs. ( 0 ) and ( 0 ), the v e component of the solar 
neutrino flux (j) Ve {E t/ ) = P e (E v ) (f>(E u ) can be written as 

<t> Ue {Eu) = f Ve(E„) <Pssm(E v ) . (11) 

We will say that the electron neutrino spectrum has no 
deformation at the Earth whenever 4> Ue (E v ) is propor¬ 
tional to <P S sm(Eu)- Then, from Eq. ( pi] ) we see that 
a constant P e would imply that there is no distortion of 
the v e spectrum at the Earth, and viceversa. 


<t>SNO = 4 1 [('PejsNO+Pi'PajsNo} > 

<T s E no = / dE v (Pssm(e„) a EE 0 {E v ) , 

C Re,a)SNO = f dE " Pssm{E„) a s ® s 0 (£„) V e ,a (. B U ■ 

(14) 

Here, is the measured elastic scattering flux. 

With similar definitions, the CC event count-rate is 
given by 

r>cc _-=cc icc /it\ 

* l SNO u SNO r'SNO ’ \ ±U J 

where 

<& = <!> CPe)° s So , 

w sno = / dE v <Pssm(e v ) af E 0 (E^) , 

( E e)sNO = dEv a SN 0 ( E ») Ve(E„) . 

SN ° (16) 

In Eq. (pA|), (f^No ' s lh e H ux measured by SNO through 
the CC reaction. 

The electron neutrino component of the flux seen by 
SNO through the elastic scattering reaction is 


(<&),. = t {Re )sno • ( 17 ) 

From © and © we get 


LCC 

J SNO 

kES 

J SNO 


(cb ES ) 

WSNO J Ve 

6 ES 

r'SNO 


{Re) c s c N o 

{Ve) E s S N a 


( 18 ) 
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The event count-rate for the NC can be written as 
follows: 


n»C =rJVC INC 

1X SNO U SNO t SNO » 


(19) 


where we have defined 


<& = <t> [{VeTsSo + 0 r*)sZo} , 

v/fo = I dE " Vssm(E„) (T s n n c 0 (E „) , 

(' Pe,a)sZo = gnkr / dE„ 0- s ^o(Sfo Ve,„( E C • 

( 20 ) 

Here, represents the flux measured by SNO through 
the NC reaction. We must keep in mind that the cross 
sections a^ n {E v ), a°° n (E„), and <j”° 0 {e u ), that appear 
in Eqs. (|lj), ([Hi]), and ( |20| ) depend on the response func¬ 
tions of the SNO detector. 

If (^sivo)^e = < / > (Pe)sNo i s th e electron neutrino com¬ 
ponent of the flux seen by SNO through the NC reaction, 
then from (111) it is clear that 

ch cc (6 NC 1 (V ) cc 

'rSNO _ S N O ) v e \ r e/ SNO /Q1 \ 

MNC ~ MNC X (T} \NC ' 1 > 

'rSNO T SNO \ r e/SNO 


A ratio (<!>sNo)''e/ < f > sNo I ess th an one necessarily im¬ 
plies the presence of a non-j/ e active neutrino in the 
solar neutrino flux. What can actually be done with 
the experimental measurements is to calculate the ratio 
^sno/^sno- A- s Eq. ( |l8| ) shows, in principle it could 
be possible to have the ratio (<j>sNo)^/ ^no equal to 
one, and still be in agreement with the experimental re¬ 
sults from SNO by having {V e )°° 0 /(V e )^ s N0 < 1. How¬ 
ever, given the observed non-dependency of the quan¬ 
tities V e ( E C on the energy, we have that the averages 
defined in Eqs. (jlj) and ([!(]) are approximately equal: 
{V e )sNo ~ ('Pe)sKn~ Ve- When this result is com¬ 
bined with Eq. (jl^), gives irrefutable evidence that 
there are u tl and/or v T arriving at the detector. A sim¬ 
ilar conclusion can be drawn by comparing the CC and 
NC fluxes. The experimental evidence suggests that 
(' P e )sNo ~ {'Pe)sNo ~ V e , from where we see that 
<&<& < 1 implies (<&k/<& < 1. 

The CC/NC ratio of rates given by the SNO collab¬ 
oration has been derived assuming the SSM ®B spectral 
shape. Up to now SNO has not released the information 
for the corresponding unconstrained ratios. When this 
information becomes available the absence of active neu¬ 
trino flavor transformations could be ruled out even for 
a non constant V e {E„). To see this, let us assume for a 
moment that P a (£„) = 0. Then, we have 


(ch ES ) ((h NC ) 

\ 'SNO ) u e \‘SNO) u e 

AES ~ ANC 
tSNO iSNO 


( 22 ) 


and from Eqs. ( |l8| ) and (|2l|), we could write 


TDCC TES 
lh SNO 1 SNO 
RES TCC 
xt SNO ± SNO 


jdcc tnc 

lh SNO 1 SNO 
RNC TCC 
1L SNO ± SNO 


= 1 


(23) 


where I* NO 


®SNO 


(Ve) 


X 

SNO ’ 


with X = CC, NC, ES. 



FIG. 1: The function A sno(Ev) vs the neutrino energy for 
RsSo/Rsno = 4.50 (a), 3.41 (b), 2.80 (c), 2.31 (d). 


Taking into account the equality in Eq. (|2^) we find 
that the following condition should be met 


J dEy (Pssm(Ev) V e {E u ) ^sno{e„) — 0 . ( 24 ) 

R cc 

where A SNO (.Eu) = cTsS 0 ( e C - 7#^ a sSo( E -)- Using 

SNO 

the values calculated by Bahcall || for the CC and NC 
cross sections which take into account the resolution and 
threshold used in SNO, it can be seen that A S no( e C < 0, 

dCC 

for E„ > 2.2MeV, whenever the ratio Jnc° > 2.31. 

k sno 

Since <P S sm( e C V e (E v ) is positive then, if the measured 
ratio R°Zn/RsSn is greater than 2.31, the condition 
stated in Eq. ( p4| ) cannot be met, leading to the conclu¬ 
sion that P a ( E i/) cannot be equal to zero. For reference, 
E v = 3.2 MeV corresponds to an average recoil electron 
kinetic energy of 5.02 MeV, according to Q. Then, the 
integrand in Eq. ( p4| ) is negative definite in the relevant 
neutrino energy range if R°So/V sno > 2-31 (See Fig. [I|). 

It is possible to estimate the unconstrained rates of 
SNO using the information that has been published by 
the collaboration jlj]. The ES unconstrained rate can be 
taken to be the same as that constrained by the ®B stan¬ 
dard shape, since it is determined essentialy from energy 
independent observations (cos 6 distribution). The NC 
unconstrained rate R^ a can be estimated in terms of the 
constrained rate ( RsNo)ao n , an d th e corresponding total 
fluxes that have been reported by the collaboration: 

(6 NC ) 

PNC _ 1 SNO > ( TDNO \ 

SNO (ANC \ ' SNO/cons 5 

ytrSNOJ cons 

where oficp = 6.42 ± 1.67 x 10 _6 cm _1 s _1 and 

(4 > NC°)cons = 5.09 ± 0.63 x 10 -6 cm -1 s -1 are the total 
unconstrained and constrained NC fluxes, respectively. 
Finally, the CC unconstrained rate is calculated consid¬ 
ering that the total number of signal events is the same 
as for the constrained analysis. Taking these consider¬ 
ations properly into account, we estimate the ratio of 
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unconstrained rates to be 

R°sSo/R^o = 2-5 ± 0.8 . 

The error is large because the error in the estimate of 
the NC unconstrained rate in terms of the unconstrained 
total NC flux is large. Nontheless, the central value is well 
above the lower limit of 2.31 given above, and indicates 
that the need for active oscillations is favored. 

If the forthcomming results from SNO confirm that 
R-sno/R-sno i s actually larger than the limit we found us¬ 
ing the estimates of [|| for the (response-averaged) cross- 
section, then the probability transition of solar v e into 
an active neutrino must be different from zero. Conse¬ 
quently, it is not possible to explain the experimental 
CC and NC results of the collaboration claiming only 
spectral distortion at the Earth and/or oscillations into 
sterile neutrinos. It is important to notice that we ar¬ 
rived to this conclusion without assuming that V e , a (E v ) 
are constant. 

A systematic calculation of the shape of the *B neu¬ 
trino spectrum has been presented in [[12|, together with 
an estimation of the theoretical and experimental uncer¬ 
tainties. No such precise knowledge has been required in 
our approach, based in the analysis of the negativeness 
of the integrand in Eq. ([m]) . 


IV. MODEL INDEPENDENT ANALYSIS OF SK 
AND SNO 


In this section, we will use the elastic scattering mea¬ 
surement of SK instead of the corresponding measure¬ 
ment of SNO because it has a smaller error. Equivalently 
to Eq. (|l|), we have 


DBS — ES IES 

- rt SK ° SK 'rSK » 


(25) 


with definitions like those given in Eq. ©■ 

As noted by Fogli et al. Q, the response functions of 
SNO and SK behave quite similarly if appropiate thresh¬ 
olds are used. In this way the equality of ( V e o)sk and 
(Re,a) gfio can ensured. As discussed in the previous 
section and noticed in ref. ||, this equality can also be 
stablished independently of the kinetic energy threshold 
if the energy independence of the V e , a (Ev) is adopted. 
Here we follow this approach. Accordingly, Eqs. (15), 
(|T|), and (|H|) can be rewritten as follows: 


r ES = x + py , 



FIG. 2: Contours for Ay 2 = 1,4, and 9 of allowed values for 
x = / Ve and y = f V a - 


We have introduced the variables x = fV e and y = fV a , 
which represent the relevant degrees of freedom of the 
problem. Since V e , a are constants, then 0 < V e +V a < 1. 

From Eq. (|2(]), r NC can be expressed in terms of r cc 
and r ES : 

TNC = ~ [ r ES ~ (1 — P) r Cc] > (28) 

P 

which is valid for any value of x and y ]Tl] . 

We define the y 2 function 

X 2 = E (rjf( „’ 2 - rF)2 , (29) 

x a x 

where rx(^,y) are given in Eq. (^6|). Here, and ax 
are the experimental values for the normalised rates and 
their errors respectively & 10: 

rf* = 0.459 ±0.017 
= 0.349 ±0.021 

r e *g = 1.008 ±0.123. (30) 

Letting x and y vary as free parameters, we find the 
minimum value of y 2 (Xmm = 0.0039), and the Ay 2 = 
1, 4, and 9 contours for these parameters as shown in 
Fig. g. The projection of these contours on the x, and y 
axes (Ndf = 1 in each case), give their lu, 2cr, and 3<r 
ranges jl(J. The best fit values along with their ler errors 
are 


x = 0.35 ±0.02, 

y = 0.66 ±0.11 . (31) 


Tec = x , 

r NC = x ± y , (26) 


where r ES , r cc , and r NC are the total rates normalised 
to the SSM predictions: 


DBS _ —ES 1 
X'-SSM — a SK VSSM ) 

TDCC ,NC —CC,NC 1 

-H-SSM ~ a SNO VSSM ■ 


( 27 ) 


The previous values times the SSM total ®B flux ( cj) SSM = 
5.05 x 10 6 cnV 2 s -1 ), give the v e and v a components of 
the flux which are consistent with the values reported by 
SNO §. 

When / = 1, i.e., there is no discrepancy between the 
SSM and the true total ®B neutrino flux, Ec.(|3l]) gives 
the la ranges for the quantities V e and V a ■ In this case 
the sum V e ± V a is consistent with being equal to one. 
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FIG. 3: Contours for Ay 2 = 1, 4, and 9 of allowed values for 
/ and V e obtained from mapping the corresponding contours 
of Fig. with the condition V e + V a = 1. 



f 


FIG. 4: Regions of allowed values of / and Vs at (a) 68%; (b) 
95%, and (c) 99% C.L. 


Let us now assume that there exist oscillations only 
among active states. Then, we have V e + V a = 1, there 
is also no deformation of the spectrum produced in the 
Sun (C(.e„) = 1), and / = x + y. We obtain the la, 
2a, and 3 a ranges for / and V e from the contours in 
Fig. |j, built by mapping the contours of Fig. || to the 
plane / vs V e using the constriction V e + V a = 1. These 
contours coincide with those found in ref Q directly from 
Eq. (^), with y replaced by f — x. 

From Fig. it can be seen that, by including the NC 
measurement in the analysis, a significant improovement 
has been achieved in the ltr error bar of / with respect 
to the one obtained using only the SK and the SNO CC 
data |)j]. The best fit values and their ler ranges are 

f _ 1 O1+0.11 

J — 1 - ul -0.09 

V e = 0.34±°;°| (32) 


Impossing the less stringent condition a < ( V e + V a ) < 
1, with 0 < a < 1 the value of / will be bounded by 

x + y < f < X + V , (33) 

a 

from where we see that allowing for a non vanishing prob¬ 
ability to oscillate into a sterile neutrino (a ^ 1), we have 
larger upper bound for /. Assuming that V e + V a + V s = 
1, we have that 

= (34) 

From the dispersion of x and y we can find allowed re¬ 
gions in the V s vs / plane, corresponding to the 68, 95, 
and 99 % confidence levels. As shown in Fig. [|, these 
regions are not bounded and hence it is notpossible to 
determine / and V s with the existing data |pd|. 


V. CONCLUSIONS 

In this work we have examined the relation between the 
observed quantities ^sno/^snoi ^sno/^sno the fla¬ 
vor fractional u e content of the fluxes measured through 
the ES and NC reactions. When combined with the hy¬ 
pothesis of a non distorted ®B spectrum the measurement 
gives a clear signal of active flavor transformation. As we 
also show, when available, the SNO experimental rates 
unconstrained by the ®B standard shape, combined with 
the cross-section as calculated in ref.Q, could give con¬ 
clusive evidence for active oscillations, even for a non 
constant V e (E u ). 

Finally a model independent analysis including the lat¬ 
est SK and SNO data is performed under the assump¬ 
tion of constant V e , a ( E *), with and without the condition 
Ve + Va = 1. Our result agrees with ref. |ll|] in the sense 
that no conclusion can be drawn with the present data 
about the sterile neutrino content of the solar neutrino 
flux. 
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